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Abstract 
The neutronic code CORNER is based on the S N discrete ordinates method [1] and the P M scattering cross-section approximation. It is 
intended for high-precision deterministic neutronic calculations of fast-neutron reactors and can be used to solve two types of steady- 
state neutron transport and gamma quanta problems in a 3D hexagonal geometry: K eff problems (homogeneous) and source problems 
(inhomogeneous). 
The code is developed in the Fortran language and has a modular structure. Its key modules are a module for the preparation of neutron 
constants in the ANISN format; a geometric module containing a description of the core’s loading map and fuel assembly types, including 
their axial meshing and material composition; a module for preparing angular quadrature sets; an input data module containing the parameters 
of the approximation used and the control parameters; a neutronic calculation module and a calculation data processing module. 
The Directional Theta-Weighted ( DTW ) difference scheme [2] has been built to approximate the spatial dependence. It has advantages 
over the DD (Diamond Difference) scheme broadly used in coarse-mesh problems. 
The energy dependence is represented by multigroup approximation. The angular variable is discretized by introduction of the angular 
quadrature set. Quadrature sets can be also defined by the user. 
An iterative solution process is used, including external iterations for the fission source and internal iterations for the scattering source. 
The paper presents the results of a cross-verification against the Monte Carlo MMK code [3] and on a model of the BN-800 reactor core. 
Copyright © 2015, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Broblem definition 
The steady-state distribution of neutrons is described by
he linear Boltzmann equation [4] , which, in a multigroup
pproximation, has the form 
· ∇ φg ( r , ) + g t ( r ) φg ( r , ) = Q g ( r , ) , (1) 
 
g ( r , ) = 
g ∑ 
g ′ =1 
∫ 
4π
g 
′ → g 
s 
(
r , ′ ·)φg ( r , ) d
+ χg 
G ∑ 
g ′ =1 
ν
g ′ 
f 
g ′ ( r ) + S g ( r ) . (2) ∗ Corresponding author. 
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452-3038/Copyright © 2015, National Research Nuclear University MEPhI (Mos
.V. This is an open access article under the CC BY-NC-ND license ( http://creatihere ϕ g ( r , ) is the neutron flux density at the point r
n the direction  in the group g ; g ( r ) is the scalar neu-
ron flux at the point r in the group g ; t g ( r ) is the full
acroscopic cross-section of interaction; s g 
′ → g ( r , ′ ) is
he macroscopic cross-section of the neutron scattering from
roup g ′ into group g ; χg is the fission neutron spectrum; G
s the total number of energy groups; νf g 
′ is the number of
ssion neutrons generated in a single fission event; and S g ( r )
s the distribution function of internal sources. 
The CORNER code supports the solution of an inhomoge-
eous problem and a conditional-critical problem (with zero
oundary conditions, zero internal sources and the 1/K eff mul-
iplier preceding the fission integral). 
 N P M approximation 
To calculate the collision integral, it is necessary to define
he angular quadrature ( S N approximation of the discrete or-cow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. A computational cell in the XY plane and the neutron transport di- 
rection for the case μx m > 0, μu m > 0, μn m > 0. 
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Qdinates method) and expand the scattering indicatrix in series
of Legendre polynomials ( P M approximation). 
The variation range of angular variables is a single sphere
of directions = ( θ , φ) where θ is the polar angle, and φ is
the azimuthal angle. In the S N approximation, this range is
substituted by a set of discrete directions m , each of which
is matched by a point on the sphere surface and a surface el-
ement of the area w m . The surface elements w m play the role
of angular quadrature weights in the computation of integrals
in expression ( 2 ). The total number of discrete directions is
equal to 2 d N (N + 2 ) /8 where d is the geometrical dimen-
sion. 

m = 
x m i + 
y m j + 
z m k, 

x m = ξm = cos ( θm ) , 

y m = μm = cos ( ϕ m ) sin ( θm ) , 

z m = ηm = sin ( ϕ m ) sin ( θm ) . 
The CORNER code supports two types of quadrature sets:
Level Symmetric ( LQ N ) and Legendre-Chebyshev ( P N –T N )
[5] . The angular quadratures of the LQ N set are symmetri-
cal relative to the rotation about each axis but are limited:
when N > 20, negative quadrature weights occur. The P N –
T N set combines the Gauss quadratures for the polar variable
and the Chebyshev quadratures with equal weights for the
azimuthal variable. 
With regard for the expansion of the scattering indicatrix
in series of Legendre polynomials, the collision integral has
the form 
Q g s ( r , ) = 
g ∑ 
g ′ =1 
L ∑ 
l=0 
( 2l + 1 ) g ′ → g s,l ( r ) 
[
P l ( ξ ) g 
′ ( 0, 0 ) 
C ( r ) 
]
+ 2 
l ∑ 
k=1 
( l − k ) ! 
( l + k ) ! P 
k 
l ( ξ ) 
{

g ′ ( k,l ) 
C ( r ) cos ( kϕ ) 
+ g ′ ( k,l ) S ( r ) sin ( kϕ ) 
}
, (3)
where s,l g 
′ → g ( r ) is the l th moment of the scattering cross-
section; P l ( ξ ) is the 1st order Legendre polynomial; and P l k ( ξ )
is the associated Legendre polynomial. The flux angular mo-
ments have the form 

g ( k,l ) 
C ( r ) = 
1 
4π
∫ 1 
−1 
P k l ( ξ ) d ξ
∫ 2π
0 
φg ( r , ξ, ϕ ) cos ( kϕ ) d ϕ, 
(4)

g ( k,l ) 
S ( r ) = 
1 
4π
∫ 1 
−1 
P k l ( ξ ) d ξ
∫ 2π
0 
φg ( r , ξ, ϕ ) sin ( kϕ ) d ϕ. 
(5)
Finite-difference schemes 
The computational domain consists of regular hexago-
nal prisms which simulate the reactor core FAs with a
pitch of x . Let us consider the computational cell [ x i −1/2 , i + 1/2 ] ×[ y b –( x ), y b + ( x )] ×[ z i −1/2 , z i + 1/2 ] (see Fig. 1 ) with the
enter at ( x i , y j , z k ), where 
 b±( x ) = y j ∓ | x − x i | − x √ 
3 
We shall introduce auxiliary directions u and v such that 
x 
m = μm ; μu m = 
√ 
3 
2 
ηm + 1 2 μm ; μ
ν
m = 
√ 
3 
2 
ηm − 1 2 μm . 
The balance equation for the zero moments of the angular
ux in the cell and on the faces is obtained by the integration
f Eq. (1) in a difference cell for the fixed direction m (the
ndex of group g is omitted for simplicity): 
2 
3x 
∑ 
α∈ { x,u,ν} 
∣∣μαm ∣∣(αm,out − αm,in )
+ | ηm | 
z k 
(
z m,out − z m,in 
)+ t m = Q m, (6)
here 
S = 3 
2 
L x , L = x √ 
3 
, 
m = 1 
z k s 
∫ z k+ 1 2 
z k− 1 2 
∫ x i+ 1 2 
x i− 1 2 
∫ y b+ ( x ) 
y b−( x ) 
φm ( x, y, z, m ) d xd yd z, 
 m = 1 
z k s 
∫ z k+ 1 2 
z k− 1 2 
∫ x i+ 1 2 
x i− 1 2 
∫ y b+ ( x ) 
y b−( x ) 
Q ( x, y, z, m ) d xd yd z, 
1 
Lz k 
∫ z k+ 1 2 
z k− 1 2 
∫ y j+ L 2 
y j− L 2 
φm ( x i+ 1 2 , y, z, m ) d yd z 
= 
{ 
x m,out, μ
x 
m > 0 
x m,in, μ
x 
m < 0 
, 
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Fig. 2. Neutron flux in the central layer of the BN-800 reactor core model. 
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xz k 
∫ z k+ 1 2 
z k− 1 2 
∫ x i+ 1 2 
x i− 1 2 
φm ( x, y b+ ( x ) , z, m ) d xd z 
= 
{
u m,out, μ
u 
m > 0 
u m,in, μ
u 
m < 0 
, 
1 
Lz k 
∫ z k+ 1 2 
z k− 1 2 
∫ y j+ L 2 
y j− L 2 
φm ( x i− 1 2 , y, z, m ) d yd z 
= 
{ 
x m,in, μ
x 
m > 0 
x m,out, μ
x 
m < 0 
, 
2 
xz k 
∫ z k+ 1 2 
z k− 1 2 
∫ x i+ 1 2 
x i− 1 2 
φm ( x, y b−( x ) , z, m ) d xd z 
= 
{ 
u m,in, μ
u 
m > 0 
u m,out, μ
u 
m < 0 
, 
2 
xz k 
∫ z k+ 1 2 
z k− 1 2 
∫ x i+ 1 2 
x i 
φm ( x, y b−( x ) , z, m ) d xd z 
= 
{ 
νm,in, μ
ν
m > 0 
νm,out, μ
ν
m < 0 
, 
1 
s 
∫ ∫ 
hex 
φm 
(
x, y, z k− 1 2 , m 
)
d xd z = 
{ 
z m,in, ξ
z 
m > 0 
z m,out, ξ
z 
m < 0 
, 
1 
s 
∫ ∫ 
hex 
φm 
(
x, y, z k+ 1 2 , m 
)
d xd z = 
{ 
z m,out, ξ
z 
m > 0 
z m,in, ξ
z 
m < 0 
We shall introduce the notion of the computational cell
ace highlighting status: if ( , n ) < 0, where n is vector of
he normal to the considered face, then the face is highlighted,
.e. it is incoming, if ( , n ) > 0, the face is outgoing. For theomputational cell of the HEX-Z type, there are 16 highlight-
ng options, for each of which the CORNER code supports
he procedure for the computational mesh cell listing. 
Eq. (6) includes unknown values of the neutron flux in
he cell and on the outgoing faces, so closing relations of the
orm as follows are introduced 
m = P ααm,out + ( 1 − P α) αm,in , 
 ≤ P α ≤ 1 , α ∈ { x, u, v, z } 
The properties of the obtained difference schemes de-
end on the selected weight parameters P α . When P α =1,
he scheme is “stepwise” ( ST ); it is positive and monotonous
ut has the first order of accuracy. When P α =1/2 we have
 “diamond” (DD) scheme of the second order of accuracy.
ne of its drawbacks is the occurrence of negative neutron
ux values which is eliminated by using the zero correction
lgorithm ( DZ ) [6] . Another drawback (nonmonotonicity)
eads to nonphysical oscillations (local extremes). In a rectan-
ular geometry, this problem may be solved, e.g. by reducing
he difference cell size. 
The PENTRAN code [7] uses a difference scheme for
he DTW (Directional Theta-Weighted) rectangular geometry 
hich ensures the positivity of the solution and the accept-
ble level of monotonicity. In the CORNER code, an ana-
og of the DTW scheme has been developed for the HEX-Z
eometry, the weighting factors of which are found according
o the following expressions: 
 
α = 1 −
Q m + 2 | μ
α
m | 
3x 
α
m,in + 
(
μαm 
)2 ( 2 
3x ·
∑ 
α′ 
 = α
∣∣μα′ m ∣∣α′ m,in + | ξm | z k Z m,in 
)
(
4 
3x ·
∑ 
α′ 
 = α
∣∣μα′ m ∣∣α′ m,in + 2 | ξm | z k Z m,in + ∑ g t 
)
x m,in 
, 
( α, α′ ) ∈ { x, u, v } , (7) 
 
z = 1 − Q m + 
| ξm | 
z k 
z m,in + ( ξm ) 2 2 3x 
∑ 
α
∣∣μαm ∣∣αm,in ( 4 
3x ·
∑ 
α
∣∣μαm ∣∣αm,in + g l )z m,in . (8) 
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Fig. 3. Initial BN-800 fuel loading map. 
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i  To compare the DD/DZ and DTW schemes, one may use
the distribution of the scalar neutron flux ( Fig. 2 ) at the cen-
ters of the FAs of the central diagonal in one of the BN-800
reactor models. Alternatively, the result obtained from the cal-
culation by the Monte-Carlo method was used. omparative calculations of one of the BN-800 reactor core
odels 
A loading map of the reactor core model is presented
n Fig. 3 . The assembly spacing exceeds 10 cm. The
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Table 1 
Efficiency of the BN-800 reactor CPS rods. 
Rod Cell No. in model MMK, cent CORNER, cent Deviation, % 
Shim 1 128 46 .83 48 .14 2 .71 
Shim 2 213 43 .72 43 .40 0 .72 
Shim 3 163 45 .83 45 .85 0 .05 
Shim 4 205 44 .02 43 .62 0 .91 
Shim 5 156 46 .83 47 .55 1 .50 
Shim 6 149 48 .04 48 .87 1 .70 
Shim 7 189 46 .43 46 .08 0 .77 
Shim 8 142 48 .44 48 .59 0 .31 
Shim 9 135 46 .73 46 .67 0 .13 
Shim 10 173 44 .42 43 .95 1 .08 
MC1 34 53 .45 52 .16 2 .47 
MC2 25 54 .23 52 .94 2 .44 
EP1 126 71 .63 71 .99 0 .50 
EP2 120 70 .11 70 .43 0 .46 
EP3 114 72 .84 72 .52 0 .44 
EP4 108 74 .15 73 .63 0 .72 
EP5 102 71 .42 71 .94 0,72 
EP6 96 73 .14 72 .61 0 .74 
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 eactor model computational cells are numbered from the cen-
ral cell and further spirally counterclockwise. 
Two subcodes were used for the calculation: MMK
Monte Carlo method) and CORNER ( S N approximation)
n a 26-group approximation. Constants were prepared
sing the CONSYST software [8] with the ABBN-93
ibrary. 
S 4 P 1 approximation with the convergence accuracy of 10 −5 
or internal iterations and of 10 −4 for external iterations was
sed for the CORNER code calculation. The MMK-based
alculation statistics was about 10 8 neutrons. 
The presented core model was used to calculate the ef-
ciencies of the CPS (emergency protection (EP) rods, shim
ods and control rods), and the calculation results demonstrate
 good fit of data obtained with the use of different programs.onclusion 
A high-precision neutronic code, CORNER, was developed 
ased on the solution of a steady-state neutron transport equa-
ion in a multigroup energy approximation in the HEX-Z ge-
metry by S N method. 
A cross verification with the MMK code was performed on
 BN-800 reactor core model. The results obtained with the
se of different codes have shown a good fit, which confirms
he functionality of the CORNER code and high accuracy of
he solutions obtained by it Table 1 . 
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